Ab STRACT: Spectral irradiance, in vivo absorption spectra and quantum yield of photosynthesis (Q) were measured in December 1984 for both congelation ice and platelet ice microalgae and for a bloom of the planktonic prymnesiophyte Phaeocystis pouchetii from McMurdo Sound. Antarctica. Profiles of spectral irradiance through the ice column demonstrated that the irradiance environment of sea ice was vertically and horizontally heterogeneous, changing from blue-dominated to green-dominated with depth in the column, and varying from site to site depending on snow cover and ice algal patchiness. In response to reductions in irradiance, platelet Ice microalgae consistently showed enhanced absorption of blue-green light relative to congelation ice microalgae. Samples of the planktonic alga P. pouchetii from under the seasonal fast ice of McMurdo Sound also exhibited enhanced blue-green absorption relative to samples from open waters of the Ross Sea. The mean specific absorption coefficient, "a, for sea ice microalgae ranged between 0.0058 and 0.0097 m2 (mg chl a)-', values characteristic of microalgae in green productive waters. For P. pouchetii, "a was greatest for samples taken from open water at the ice edge (0.015 to 0.029 m2 [mg chl a]-'), and decreased to about 0.008 m2 (mg chl a)-' for samples taken from under the seasonal ice of McMurdo Sound. The quantum yield of photosynthesis for these microalgae ranged from 0.013 to 0.055 m01 C (Ein absorbed)-', and no significant differences in cP were found between congelation ice and platelet ice algae.
INTRODUCTION
In McMurdo Sound, Antarctica, microalgal assemblages composed almost exclusively of diatoms are found both near the bottom of the hard congelation ice and in the underlying platelet ice layer when it is present (Lewis & Weeks 1970 , Sullivan & Palmisano 1981 , Palmisano & Sullivan 1983 . Several studies suggest that light is the limiting factor to sea ice microalgal growth (Bunt 1971 , Fogg 1977 , Horner & Schrader 1982 , Palmisano & Sullivan 1982 , Sullivan et al. 1983 ). , Grossi et al. (1987) and Gosselin et al. (1985) have found inverse correlations between snow cover and ice microalgal abundance in the Antarctic and Arctic respectively. During the ice microalgal bloom of the austral spring, under-ice irradiance O Inter-Research/Printed in F. R. Germany is generally less than 1 %, and sometimes less than 0.1 %, of incident surface irradiance (Sullivan et al. 1983 , 1984 , Palmisano et al. 1987a . Despite the limited availability of light, standing stocks of sea ice microalgae may reach log cells m-2 (300 mg chl a m-2) in the fast ice of McMurdo Sound (Palmisano & Sullivan 1983 , Sullivan et al. 1983 ). This value of chl a represents 75 % of the theoretical maximum yield for diatom populations (Steemann-Nielsen 1962) . During a bloom of the prymnesiophyte Phaeocystis pouchetii in the water column of McMurdo Sound during December 1984, cell densities reached 2.9 X 107 cells 1-' and the phytoplankton chl a concentration reached 12 pg 1-' in the water column under the annual sea ice (Palmisano et al. 1986 ).
The presence of such large standing stocks of mi-croalgae in the congelation ice layer affects not only the quantity of light available to microalgae in the underlying platelet layer and the phytoplankton in the water column, but also the spectral composition of that light (Maykut & Grenfell 1975 , Sullivan et al. 1984 . Morel (1978) discussed the relationships between available, usable, and stored radiant energy a n d marine photosynthesis. Photosynthetically available radiation (PAR) is defined as the amount of radiant energy available within the approximate spectral range of 350 to 750 nm (Tyler 1966) . Instruments commonly used in studies of marine photosynthesis are PAR meters; that is, they report 400J700 I,h) or total PAR. Photosynthetically usable radiation (PUR) is defined as the fraction of photosynthetically available radiant energy of such wavelengths that it can b e absorbed by the microalgal pigments. Light is selectively absorbed by most microalgae in the blue and red regions of the spectrum, causing the transmitted light to b e concentrated in regions of the spectrum where algal pigment systems are ineffective at trapping light for photosynthesis (Sullivan et al. 1984) . PUR is necessarily less than PAR, and PUR will depend on both the pigment complement of the microalgae and the spectral composition of the available submarine radiant energy. How can blooms of sea ice microalgae a n d under-ice phytoplankton reach such high densities when so little light is available for photosynthesis? Several studies have investigated the photosynthesis-irradiance parameters of sea ice microalgae and concluded that these microalgae are highly shade adapted, with photosynthesis saturating a t 2 to 10 pEin m-2 S-', and may even b e photoinhibited at some naturally-occurring light levels (Bunt 1963 , Cota 1985 , Palmisano et al. 1985 . Palmisano et al. (1986) demonstrated that Phaeocystis pouchetii is able to adapt to the reduced growth irradiance it encounters when it is advected from the ice-free waters of the Ross Sea where blooms of this alga occur (El-Sayed et al. 1983 ) to under the seasonal ice of McMurdo Sound. It achieves this by increasing the efficiency of light utilization ( B ) , measured by the slope of the light-limited portion of the photosynthesisirradiance curves, by a factor of 4. One might hypothesize that these microalgae, like phytoplankton from near the bottom of the euphotic zone, adapt physiologically in ways that enable them to photosynthesize with maximal quantum yields.
The quantum yield of photosynthesis (Q), defined as gross production (measured either as moles of CO-, fixed or O2 produced) per mole of absorbed light, has been evaluated for laboratory cultures of microalgae (Manning et al. 1938 , Emerson & Lewis 1943 , Govindjee et al. 1968 , Ng & Bassham 1968 , Welschmeyer & Lorenzen 1981 ; for phytoplankton from a variety of water types (Tyler 1975 , Dubinsky & Berman 1976 , Morel 1978 , Tilzer 1983 , 1984 , Meffert & Overbeck 1985 , Kishino et al. 1986 ); for Antarctic phytoplankton (Tilzer et al. 1985 (Tilzer et al. , 1986 ; and for benthic marine macroalgae (Dring & Luning 1985 , Luning & Dring 1985 . To date, no measurements of cP for sea ice microalgae or the cosmopolitan prymnesiophyte Phaeocystis pouchetii have been reported in the literature.
Assemblages of sea ice microalgae facilitate the study of spectral light absorption and photosynthetic quantum yield for several reasons. First, during the ice algal bloom in the austral spring (October to December), ice microalgae are abundant and the same assemblage is easy to sample repetitively. Second, the sea ice algal assemblages in McMurdo Sound are almost exclusively diatoms and these assemblages are usually dominated by few species (Grossi & Sullivan 1985) . Therefore, only one major complement of photosynthetic pigments is presentchlorophylls a, cl and C*, with fucoxanthin as the major xanthophyll. This simplifies interpretation of in vivo absorption spectra and in situ spectral irradiance profiles and eliminates the combined effects of absorption properties of various algal pigment groups usually present in the plankton (Yentsch & Yentsch 1979 , Kiefer & SooHoo 1982 , Neori et al. 1984 ). Finally, confinement of microalgae to the congelation ice layer or the platelet ice layer precludes vertical mixing, reducing light history considerations by at least one dimension (Lewis et al. 1984) .
Similarly, the early summer bloom of Phaeocystis pouchetiiin McMurdo Sound provided a unique opportunity for conducting an essentially unialgal experiment in situ. During the December 1984 bloom, more than 99 % of phytoplankton belonged to this genus (Palmisano et al. 1986 ), making it feasible to attribute the results obtained with natural samples to P. pouchetij alone.
Several models of microalgal production include Q, and potential absorption per unit of phytoplankton chl a, represented by the mean specific absorption coefficient ("a), as fundamental parameters of photosynthesis (Bannister 1974 , Baumert & Uhlmann 1983 , C8te & Platt 1983 , Fasham & Platt 1983 , l e f e r & Mitchell 1983). In these models, Q, is generally expressed as a function of irradiance, and "a is often assigned a constant value in spite of the well-documented effects of spectral composition on its value (Morel 1978 , Bannister & Weidemann 1984 . Because sea ice microalgae may contribute 25 to 66 % of total primary production in polar regions (Alexander 1974 , Hoshiai 1981 , Grossi et al. 1987 , it would be useful to apply such models to this component of the polar ecosystems. Determination of the quantum yield of photosynthesis and an understanding of variability in absorption properties of sea ice microalgae are important in evaluating the applica-bility of such models of photosynthesis to annual cycles of primary production of sea ice microalgae and phytoplankton in McMurdo Sound.
The purpose of this study was to measure spectral light absorption and quantum yield of photosynthesis for sea ice microalgae collected from several sites around McMurdo Sound, Antarctica, and for a bloom of the prymnesiophyte Phaeocystis pouchetii that occurred in the water column under the seasonal fast ice there. We believe that our data represent the first published measurements of "a and Q, for both sea ice microalgae and P. pouchetii.
METHODS
Sample collection. Samples of ice microalgae and phytoplankton were collected at 10 sites in McMurdo Sound, Antarctica during December 1984 ( Fig. 1 ).
Samples of congelation ice microalgae were collected by first dnlling through approximately 1.3 m of sea ice with a gasoline-powered Jiffy drill and then using a Sipre auger to collect the lowermost 0.7 m containing the microalgae. We carefully shielded the ice core with an opaque black tarp while it was being brought to the surface of the ice and during subsequent manipulations to prevent exposure of the ice microalgae to surface irradiance. Ice containing microalgae was scraped from the bottom portion of a core into filtered sea water at -2'C. If the sample was to be returned to the laboratory, it was transported in a Polyfoam freeze-safe container at 0 to -2 "C.
Samples of the platelet ice algal community were collected from the interstitial water of the platelet ice layer by SCUBA divers using Nalgene containers. The divers surfaced with the samples within a darkened dive hut, so samples were never exposed to bright surface sunlight. Samples were transported to the laboratory in a Polyfoam freeze-safe container at 0 to -2 "C.
Samples of the planktonic alga Phaeocystis pouchetii were collected on 18, 21, 24, and 28 Dec 1984 during the bloom of this alga in McMurdo Sound. Five stations were positioned along a roughly north-south transect that extended from the ice edge to Cape Armitage (Fig. 1 Nielsen (1952) . For in situ incubations of platelet ice microalgae, samples were brought to the surface within a darkened dive hut, the interstitial water containing the microalgae was decanted, and 90 m1 aliquots of this interstitial water were inoculated with l yCi of NaHI4CO3 and returned to the platelet layer by SCUBA divers for 24 h incubations. To terminate the incubation, divers collected the incubation bottles and the bottles were returned to the lab in a dark container on ice and filtered in less than l h. In some instances, samples were returned to the laboratory where aliquots were inoculated with NaH14C03 and incubated at -2 "C for 24 h under artificial fluorescent light at 6 ,uEin m-2 s -1 . For Phaeocystis pouchetjj, photosynthesisirradiance curves were measured by the method of Lewis & Smith (1983) as described by Palmisano et al. (1986) . A 500 W tungsten-halogen source was used for these incubations. Samples were radioassayed using a Beckman LSlOO liquid scintillation system. Seacvater subsamples were taken in triplicate for measurements of carbonate alkalinity to determine total available carbon following the methods of the American Public Health Association (1971), Strickland & Parsons (1972) and Wood (1975) . Chlorophyll a and phaeopigments were extracted in 90 % acetone and measured by the fluorometric technique using a Turner 11 1 filter fluorometer equipped with a high sensitivity door and a red-sensitive photomultiplier (Holm-Hansen et al. 1965) . The fluorometer was calibrated with purified chl a (Sigma Chemical) using the spectrophotornetric method and equations of Jeffrey & Humphrey (1975) a s a check on the purity of the chl a standard.
Determination of in vivo absorption spectra. In vivo absorption spectra were determined by methods previously described by IOefer & SooHoo (1982) and Mitchell & Kiefer (1984) . Samples were collected on glassfiber filters (Whatman GF/C). First, 2 blank filters moistened with filtered seawater were placed in a lucite holder designed to position each filter in line with either the sample or reference beam of a Perlun-Elmer 571 double beam spectrophotometer. The filters were scanned between 400 and 700 nm, and this baseline was stored in the instrument's microprocessor. The blank filter in the sample beam was then replaced with a filter containing the algal sample and this sample was scanned over the same wavelength range. The optical density at 750 nm was also recorded as a blank. The analog signal from the spectrophotometer was first amplified and then digitized and stored on an Osborne 1 computer equipped with a 16-channel. 8-bit analog-to-digital converter (Small Systems Designs Inc.). The stored data were then averaged, smoothed and processed as described by Kiefer & SooHoo (1982) and Mitchell & Kiefer (1984) to derive the specific spectral absorption coefficient, 'a,,,, in units of m2 (mg chl a)-' Irradiance measurements. Spectral downwelling irradiance and total photosynthetically available radiation (PAR) were measured at the sea ice surface, under the approximately 2 m of congelation ice, and under approximately 0.5 m of platelet ice. The spectral composition of downwelling irradiance was measured with a Biospherical Instruments MER 1000 spectroradiometer. Spectral bands were centered at 410, 441, 488, 507, 520, 540, 570, 589, 625, 656, 671 , and 694 nm, and a PAR channel was also included. The silicon photodiodes have half-band widths of 5 nm. The spectroradiometer was deployed in 2 ways. At remote study sites and on some occasions at the Cape Armitage study site, SCUBA divers operated the instrument, making measurements under the platelet layer; or by pushing the spectroradiometer through the fragile platelet ice against the hard congelation ice, measured the spectral irradiance transmitted by the congelation ice layer alone. Patterns in under-ice spectral irradiance were monitored throughout the season at the Cape Armitage study site. Diurnal measurements of spectral irradiance were made on 16-17 Sep, 5-6 Oct, 25-26 Oct, 11-12 Nov, 23-24 Nov, 3-4 Dec, and 15-16 Dec 1984 . On each occasion, the spectrum of incoming solar irradiance was measured just prior to deploying the spectroradiometer under the ice. On these dates, the spectroradiometer was programmed to take measurements every 20 min over a 24 h period and was attached to a mooring frozen into the ice which held the instrument in position just under the congelation ice. The digital output signal of the spectroradiometer was recorded with a DEC Professional 350 microcomputer, processed, and stored on floppy discs. Total incident PAR was recorded continuously at Cape Armitage with a Biospherical Instruments model QSR240 Solar Reference Hemispherical Irradiance Sensor coupled to a model QSR250 Digital Integrator. On 11-12 Nov, 23-24 Nov, 3-4 Dec, and 15-16 Dec, a Biospherical Instruments model QSP-200 Profiling Scalar Irradiance Sensor was attached to a n extension of the spectroradiometer mooring and positioned just beneath the platelet ice layer. On these dates, PAR beneath the platelet layer was recorded continuously during the diurnal spectroradiometer studies.
Calculation of mean specific absorption coefficient, O z . To calculate the jn vivo '5, both spectral irradiance I(;,, and the spectral specific absorption coefficient of the microalgae, 'a,;,,, must be known. Since both were measured in this study, ' 2 (m2 [mg chl a]-') was calculated as follows:
The in vivo absorption spectrum for each sample consists of 300 values of "a(;,, while the measured irradiance is restricted to 12 discrete values centered at each of the wavelengths described above. For purposes of calculating 'a, we chose to complete the irradiance spectrum by linear interpolation between the measured values. Note that while 'a does not depend on the amplitude of I,,,, its value does depend on the spectral distribution of availab1.e light. The value of 'a also depends on the spectrum of and therefore the photoadaptive state and pigment composition of the algae (Falkowski et al. 1985 , Dubinsky et al. 1986 ).
Calculations of photosynthetic quantum yield, Q,. The photosynthetic quantum yield was calculated in one of several ways, depending on the measurements available for each experiment.
For the alga Phaeocystis pouchetii, Q, was calculated according to Eqn (6) of Tilzer (1985) , relating the slope of the light-limited portion of the photosynthesisirradiance curve (a) to the quantum yield and mean absorption coefficient:
This expression converts a, the chl a-specific rate of photosynthesis per available mole of quanta, to Q,, the chl a-specific yield of carbon per absorbed mole of quanta. Values of a were determined as described by Palmisano et al. (1986) . The factor 43.2 is a proportionality constant for conversion of units to m01 C (Ein absorbed)-'.
For the sea ice microalgae and the in situ incubation of Phaeocystis pouchetii, Eqn (4) of Bannister & Weidemann (1984) was used:
PB is the chl a-specific rate of photosynthesis and was determined by incubation of samples at 6 pEin m-' S-' in an incubator, a value at which photosynthesis of Antarctic sea ice microalgae is light-limited (Palmisano et al. 1985) . I(PAR) represents the measured photosynthetically available irradiance of the incubator, and O S for each sample was determined with the absorption spectrum for that sample and the spectral irradiance for the incubator.
In the experiments where platelet ice microalgae and Phaeocystis pouchetii were incubated in situ, O a was determined with the appropriate measured under-ice irradiance spectrum and I(PAR) in the above equation represents total PAR for that spectrum.
RESULTS
We have observed a consistent difference between the absorption spectra for congelation and platelet ice microalgae. In vivo absorption spectra for platelet and congelation ice algal samples collected from Cape Armitage on 3 Dec 1984 are shown in Fig. 2A . The difference spectrum of these 2 samples is shown in Fig.   2B . Absorption in the blue-green region of the spectrum of the platelet ice microalgae sample is enhanced relative to that for the congelation ice microalgae. Fig. 3A . Their difference spectrum ( Fig. 3B) demonstrates that at the beginning of the bloom, P. pouchetii from beneath the ice exhibits enhanced absorption of light in the blue-green region of the spectrum relative to a P. pouchetii sample taken from the open water at the ice edge.
Interactions of spectral irradiance, the physical environment of the ice, and absorption characteristics of the ice microalgae are summarized in Fig. 4 . Spectral irradiance measurements were collected at a site near the ice edge on 12 Dec 1984. The absorption spectra for congelation and platelet ice microalgae are from samples collected at this site on the same day, and are included to help explain how each irradiance spectrum is affected by the algal 'filter' above.
Irradiance incident on the surface of the congelation ice has a relatively flat spectral distribution in the first-year ice have been taken into account, the spectral distribution of the light is altered, and red light is attenuated rapidly. By assuming a conservative albedo of 65 % and by using the spectral transmittance values for first-year white ice published by Maykut & Grenfell (1975) , the spectral properties of light incident on top of the algal layer contained In the bottom 20 cm of the congelation ice were estimated (Fig. 4B) .
The results compare favorably with patterns of spectral irradiance measured during the 1982-1983 austral spring under 2.25 m of congelation ice similar in snow cover and free of microalgae reported by Palmisano et al. (1987a) . Total PAR is about 46 yEin m-' S-' or 3 % of the value of PAR incident at the surface. The quanta are concentrated between 480 and 550nm. The absorption spectrum for congelation ice microalgae is shown in Fig. 4C . Blue and red Light are selectively absorbed by the photosynthetic pigments, further narrowing the spectrum of the remaining light. After passing through the bottom portion of the congelation ice, available quanta are reduced to 1.5 pEin m-2 S-', about 0.1 % of incident surface irradiance, and are concentrated in a band from 540 to 620 nm (Fig. 4D )wavelengths where algal absorption is minimal. Relative to congelation ice microalgae, the microalgae of the platelet layer beneath it exhibit enhanced absorption in the blue-green region of the spectrum between 500 and 550 nm (Fig. 4E , see also Fig. 2A) . This corresponds to the absorption region of the major carotenoid accessory pigment of diatoms, the xanthophyll fucoxanthn. As a result, the irradiance spectrum measured beneath the platelet ice layer is noticeably modified by the absorption of light by fucoxanthin and other accessory pigments. Less than 1 pEin m-' S-' PAR (0.05 % of incident surface PAR) is available at the top of the underlying water column for phytoplankton photosynthesis (Fig. 4F) , and most of this small amount of PAR is in the green region of the spectrum where microalgae do not absorb light effectively.
Early in the season, before the development of the spring ice microalgal bloom in the congelation and platelet ice, the spectral irradiance measured under the platelet ice (Fig. 5A ) more closely resembles the spectrum of solar irradiance attenuated by snow and ice alone (compare to Fig. 4B ). Later in the season, the effect of the enhanced blue-green absorption of platelet ice microalgae relative to that of congelation ice microalgae is reflected by a depression in irradiance in the region of the spectrum corresponding to the band of fucoxanthin absorption, about 500 to 540 nm (Fig.  5B ). The magnitude of this effect on the under-ice spectral irradiance depends on the presence or absence of a platelet ice layer, the degree of colonization of this layer by ice microalgae when such a lgyer is present, and also the photoadaptive state of the microalgal pigment systems. At our major study site at Cape Armitage, no platelet layer was present during the 1980 and 1981 field seasons. During the 1982 During the , 1983 During the , and 1984 field seasons, a 0.25 to 1.0 m platelet layer was present at this site. The under-ice irradiance spectra in Fig. 5 are representative of the extremes measured since 1982 (Sullivan et al. 1983 , Sullivan et al. 1984 , Palmisano et al. 1987a , and as such, characterize the within-season and between-season variabil- The values of O S and quantum yield for congelation and platelet ice microalgae are reported in Table 1 .
Included are both O q , , ,,,,,, the mean specific absorption coefficient determined using the measured in situ irradiance, and OS,,,,,,,n,,, the mean specific absorption coefficient calculated with the spectral irradiance of the incubator fluorescent source. Values of the same parameters measured on 24 and 28 Dec 1984 for Phaeocystispouchetii are listed in Table 2 . Quantum yields for P. pouchetii included are for the ice edge station. On the other dates, the great difference between the under-ice spectral irradiance (see Fig. 4D , F) and the spectral irradiance of the incubator made determination of Q subject to error (see Lewis et al. 1985a , b for discussion). For the ice edge stations, the in situ spectral irradiance is closer to the spectral irradiance of the incubator source, and only a small difference between 0a(,, sit") and OZ(apparent, results. 
DISCUSSION

Spectral absorption of light by sea ice microalgae and phytoplankton
The vertical component of the sea ice environment is highly heterogeneous with respect to light. Within the approximately 2 to 3 m vertical distance from the airsnow or air-ice interface to the ice-water interface at the bottom of the platelet layer, a range of spectral variability usually observable only by examining several oceans or water types is found. Because the attenuation coefficients of snow and sea ice are 10 to 100 times greater than typical values for water (Thomas 1963 , Maykut & Grenfell 1975 , Grenfell & Maykut 1977 , and because large crops of sea ice microalgae are concentrated within a small layer (about 20 cm or less in congelation ice and about 1 m or less in platelet ice) relative to phytoplankton in the water column, the changes in both total PAR and spectral irradiance that occur over tens of meters in an open water column are compressed to within a vertical distance of only 2 to 3 m in the sea ice environment.
Most of the solar irradiance incident on the surface of the snow and ice is reflected back into the atmosphere. The term albedo is used to describe the ratio of reflected irradiance to incident irradiance (Grenfell & Perovich 1984) . Variations in the albedo of ice are due to snow cover, vapor bubble density, crystal structure, and free water content of the upper layers (Grenfell & Perovich 1984) . For snow, the albedo for polychromatic light may vary from 60 to 81 O/O (Thomas 1963) . Grenfell & Maykut (1977) (Palmisano et al. 1987a) . The remaining irradiance is attenuated rapidly in passing through the upper 1.8 m of snow and sea ice. The congelation ice microalgae, concentrated in the bottom 20 cm of the congelation ice, have available a spectrum with quanta concentrated between 450 and 580 nm (Fig. 4B) . While not identical, this spectrum is similar to those at depth (14 to 100 m) for the blue waters of the Sargasso Sea reported by Morel (1978) . A significant proportion of quanta are available in the blue and blue-green regions of the spectrum where they can b e absorbed by .photosynthetic pigments. Using absorption spectra for samples from each layer and spectra of irradiance available to the 3 algal assemblages considered here, PUR for each layer of microalgae can b e calculated (Morel 1978) . PUR for the congelation ice microalgae is 57 + 7 % (N = 5) of their PAR. After passing through an additional distance of only 20 cm, the spectrum available to the underlying platelet ice microalgae is very different (Fig. 4D ). In this visibly-narrowed spectrum, PAR is concentrated between about 540 and 620 nm, where photosynthetic pigments absorb minimally, and the spectral irradiance resembles that for green waters a t depth described by Morel (1978) . Consequently, the spectrum of irradiance available to the platelet ice microalgae contains 31 f 2 % (N = 6) of PAR a s PUR. The enhanced ability of platelet ice microalgae to absorb blue-green light ( Fig.  2A & 4E) results in an irradiance spectrum which has been altered further and which contains even less PUR for phytoplankton at the top of the water column. Even though the phytoplankton present at this time of the season may have increased absorption in the bluegreen region of the spectrum as did Phaeocystis pouchetii a t the beginning of our study (Fig. 3A) , little blue-green light is available to b e absorbed. As a consequence, PUR is only 25 f 2 % (N = 6 ) of PAR. Morel (1978) , expressing PAR and PUR at depth as functions of PAR and PUR at the surface, demonstrated that at the depth in the water column where available energy is reduced to 1 % of its surface value, PUR can vary in a ratio of about 3 : 1 depending on the optical water types. When our data are expressed a s a function of PAR and PUR for the congelation ice microalgae (our nominal 'surface'), data for the platelet ice microalgae and phytoplankton coincide with Morel's data (Morel 1978; his Fig. 8 ) for the green productive waters of the Mauritanian upwelling system (Table 3 ). The PUR for platelet ice microalgae is 1.6 O/O of that for the congelation ice microalgae, and for the phytoplankton a t the top of the water column under the seasonal fast ice PUR is only 1.0 % of that for the congelation ice microalgae (Table 3) . From observations of patterns of primary production and spectral irradiance in a variety of water types, Morel (1978) concluded that in deep layers of productive water, actual light absorption per unit chl a must be appreciably higher than would be indicated by assumption of constant absorption properties throughout the water column, particularly in the blue-green to green region of the spectrum. Independent experimental observations support Morel's conclusion. Neon et al. (1984) reported systematic changes in absorption with depth and vertical stability of the water column. In samples from deeper waters, in vivo absorption spectra showed enhanced blue-green absorption. Since similar patterns were inducible by incubating seawater samples at different irradiances, the authors attributed their observations to photoadaptation rather than vertical changes in algal taxa and associated pigment groups. SooHoo et al. (1986) observed enhanced blue-green absorption in response to reduced growth irradiance in cultures of diatoms, dinoflagellates, chlorophytes and chrysophytes. As reported here ( Fig. 2A) , and by Sullivan et al. (1984) , platelet ice microalgae, which can be thought of as analogous to 'deep' phytoplankton in productive waters, exhibit enhanced blue-green absorption relative to congelation ice microalgae. These observahons are consistent with well-documented changes in the organization and concentrations of photosynthetic pigments of marine microalgae in response to light adaptation (Perry et al. 1981 , Prezelin 1981 , Rchardson et al. 1983 , and suggest an increased role of the diatom pigment fucoxanthin in gathering l~g h t energy for photosynthesis in the predominantly blue-green irradiance environment of the sea ice. The light harvesting ability per unit chl a of algae adapted to low growth irradiance may be decreased due to self-shading of thylakoids within and between chloroplasts as documented and discussed by Dubinsky et al. (1986) . Since fucoxanthin may transfer absorbed energy to chl a with efficiencies of up to 100 O/O (see review by Siefermann -Harms 1985) , increased light absorpbon by fucoxanthn in the bluegreen region of the spectrum may make a major contribution of absorbed quanta to the photosynthetic reaction centers.
This photoadaptive pattern appears to be in response to low photon flux density rather than chromatic adaptation in response to the changing spectral quality of the irradiance. SooHoo et al. (1986) induced the response in cultures by reducing the irradiance without changing the spectral quality. Neon et al. (1984) were able to produce enhanced blue-green absorption in samples of natural phytoplankton shaded with neutral screening on the deck of a s h p . These observations are consistent with the conclusions reached in the review by Rchardson et al. (1983) that while light quality may be important in controlling some metabolic processes in phytoplankton, photon flux density plays a more important role than light quality in the control of microalgal distributions and survival of microalgae.
With the data in hand, we can quantify the advantage conferred on platelet ice microalgae by this increased blue-green absorption. As discussed in a preceding paragraph, approximately 29 to 33 O/O of PAR for platelet ice microalgae is photosynthetically usable. With the same irradiance spectrum available to them, an algal assemblage without increased blue-green absorption (like the congelation ice microalgae spectrum in Fig. 2A ) would have only 23 to 27 % of PAR as PUR. Increased blue-green absorption enables the platelet ice microalgae to harvest an extra 2 to 10 '10 PUR.
Mean specific absorption coefficients and quantum yield
The values of for sea ice microalgae (Table 1) and
Phaeocystis pouchetii (Table 2) are consistent with patterns observed by Atlas & Bannister (1980) and Morel (1978) for microalgae in green productive waters. Atlas & Bannister (1980) observed that O S decreased from 0.012 m2 (mg chl a)-' near the surface to about 0.005 m* (mg chl a)-' at the 0.1 '10 light penetration depth in green waters. Morel (1978) reported that in green waters, the value of this coefficient decreases by 20 or 30 "/o, relative to the surface value, with depth. In spite of the large difference in PAR incident on the layer of congelation ice microalgae and that incident on the platelet ice layer (Fig. 4 ) , we observed no significant difference in O S for these 2 ice algal assemblages. Remember that while the value of O S does not depend on the magnitude of irradiance available, it does depend on both the spectral distribution of that irradiance and on the pigment con~position of the algae as reflected in the in vivo absorption spectra. The high standing stock of congelation ice microalgae of up to 300 mg chl a m-2 contained within a 20 cm layer, but usually concentrated within the bottom 3 to 5 cm of that layer, alters the irradiance spectrum rapidly as light is selectively absorbed. Consequently, only those microalgae on the upper surface of this layer have available to them an irradiance spectrum like that shown in Fig. 4B . Most of the congelation ice microalgae are exposed to a spectrum of predominantly blue-green to green light. For P. pouchetii, the open water environment of Stn 1 probably underwent a transition from blue toward green, undergoing not only a reduction in total PAR but also spectral alteration as the P.pouchetii bloom progressed and chl a concentration in the water column at the ice edge increased from 2.5 to 12 big 1-' between 18 and 24 Dec 1984.
The thickness of the platelet layer under an experimental quadrat with no snow cover at Cape Armitage was observed by divers to remain at about 0.5 m from September through mid-December 1984. By 19 Dec, the platelet layer had decreased to only 0.3 m. Ablation of platelets, which usually begins in the third or fourth week of December, and subsequent loss of the platelet ice algal layer, would affect PAR for phytoplankton photosynthesis, and the broadened spectrum in the absence of selective absorption by platelet ice microalgae should result in an increased value of O Z . The timing of the onset of the Phaeocystis pouchetii bloom in the open waters of the Ross Sea, its subsequent movement under the sea ice of McMurdo Sound, and the ablation of the platelet ice layer could have an effect on the duration and magnitude of the P. pouchetii bloom under the ice and consequently, the contribution of the P. pouchetii carbon to the total carbon budget of McMurdo Sound. Bannister & Weidemann (1984) reviewed the Literature on quantum yield and discussed implications of methodological problems associated with estimating 0 on reported values. Certain generalizations about the behaviour of cP may be stated. First, @ increases with increasing depth and decreasing growth irradiance in the water column, and usually reaches a maximum constant value, usually denoted Q,, at irradiances that are less than saturating to photosynthesis (Tyler 1975 , Dubinsky & Berman 1976 , Morel 1978 , Kishino et al. 1986 ). Second, values of 0 from near the bottom of the euphotic zone may approach the theoretical maximum quantum yield of 0.10 m01 Oz (Ein absorbed)-' or 0.06 to 0.08 m01 C (Ein absorbed)-' (Bannister & Weidemann 1984) . Third, Q might b e affected by the nutrient supply of microalgae, although experimental evidence to date is based on batch cultures of microalgae and therefore may not pertain to in situ growth (Kok 1948 , Morel 1978 , Welschmeyer & Lorenzen 1981 . Finally, Jacques (1983) , Tilzer et al. (1985 Tilzer et al. ( , 1986 , and Palmisano e t al. (1987b) present data suggesting that photosynthesis at subsaturating irradiance at the extremely low temperatures characteristic of polar seas may b e temperature-dependent d u e to decreases in @m.
The values of Q, , , for congelation ice microalgae and platelet ice microalgae range from 0.013 to 0.029 m01 C (Ein absorbed)-' and from 0.018 to 0.041 m01 C (Ein absorbed)-' respectively ( Table 1) . Values of Q, for Phaeocystis pouchetii range from 0.0287 to 0.0545 m01 C (Ein absorbed)-' (Table 2) . Our values for 0, may be overestimates by a factor of 10 to 30 % since our spectroradiometer measured downwelling irradiance with a cosine collector rather than scalar irradiance with a spherical detector. H~j e r s l e v (1978), Morel (1978) , and Bannister & Weidemann (1984) recommend scalar irradiance measured with a spherical detector as the most appropriate measure of light available to phytoplankton. In the case of sea ice microalgae, where sea ice acts as a n efficient diffuser, scalar irradiance is probably more appropriate as well. Even after taking this into consideration, the values reported here are representative of values of Q, reported for microalgal photosynthesis from a wide range of locales and environments (Table 4) .
We found no significant difference in 0, between congelation ice microalgae and platelet ice microalgae or Phaeocystis pouchetii. In spite of their different growth irradiances (Fig. 4) , these 3 assemblages are all shade-adapted, growing at in situ irradiances which are less than saturating for photosynthesis. Relative to phytoplankton distributed through the water column of open oceans, the microalgal assemblages in this study represent a narrow range of photoadapted states. The variability in the results may b e d u e to differences in species composition or possibly the stage of development in blooms at different sites. Palmisano et al. (1985) reported evidence indicating that the congelation ice microalgae at Cape Armitage in mid-December 1983 were senescent.
Tilzer e t al. (1985, 1986 ) report even lower quantum yields ranging from 0.0027 to 0.0346 m01 C (Ein absorbed)-' for Antarctic phytoplankton from the Scotia Sea a n d Bransfield Strait, a n d a Qlo for lightlimited photosynthesis of 2.6 for temperatures between -1.5 and +2.6"C. Palmisano e t al. (1987b) found that assimilation number and a of both congelation ice microalgae and platelet ice microalgae were tempera- I ture-dependent, reaching optimal values at approxi-differences between the 2 studies may reflect real mately + 6 and +2 "C respectively. Kottmeier et al. differences in the physiological state of the ice microal-(1985) measured a fairly constant in situ temperature of gae at different stages of the ice algal bloom. -l.g°C within the sea ice and underlying water column in mid-December 1984. While the in situ temperatures for the microalgae in this study certainly fall CONCLUSIONS within the range for the temperature effect observed by Tilzer et al. (1986) , the data reported in this study do Sea ice microalgae and phytoplankton in the undernot permit us to determine if the low in situ tempera-lying water column live in a vertically heterogeneous ture affected maximum quantum yield. The range in light environment. Changes in total PAR and spectral the values of a, reported here is no greater than that irradiance comparable to those observed over tens of observed for Q>, at temperate locales (Table 4 ). The meters in the water column of the oceans are comvalues of a reported by Palmisano et al. (1987b) for pressed to only a few meters in the sea ice environcongelation and platelet ice microalgae determined at ment. Due to rapid absorption of blue and red light by 4 temperatures ranging from -2°C to +6OC can be ice and photosynthetic pigments of ice microalgae, the converted to Q>, using Eqn (2) and assuming a value of irradiance spectrum is dominated by green light. 0.01 for "a. The values derived from that study range Sea ice microalgae and the prymnesiophyte from 0.03 to 0.08 m01 C (Ein absorbed)-', and rather
Phaeocystispouchetii are able to adapt to reductions in than showing a decrease with temperature, are instead growth irradiance by increasing absorption of bluesomewhat higher than those reported here. Independ-green light. Platelet ice microalgae consistently ent, carefully-controlled experiments were carried out demonstrate enhanced blue-green absorption relative with sea ice microalgae at McMurdo Sound in Novem-to congelation ice algae. This enables the platelet ice ber-December 1986 to determine if the extremely low algae to harvest 2 to 10 % more of PAR than nonin situ temperatures experienced by sea ice microalgae adapted algae placed in the same light environment. affect a, and therefore Q, , in the manner suggested by
The quantum yield of light limited photosynthesis Tilzer et al. (1985 Tilzer et al. ( , 1986 . Preliminary analysis of the did not appear to reach a constant value. The range of results demonstrates that light-limited photosynthesis values observed was typical for that observed in a wide a s reflected in values of a did decrease with decreasing variety of locales and environments, and possibly temperature (Sullivan unpubl. data) . The experiments reflects differences in species composition and physreported by Palmisano et al. (198%) were done with iological state of the ice microalgae. samples collected on 31 Oct and 1 Nov, a full month
Our results demonstrate that due to significant alterprior to the experiments described in this study. The ation in the spectral distribution of light by microalgal absorption and attenuation by the ice itself, broadband polychromatic light measurements are inadequate for detailed studies of photosynthesis in sea ice algae. In this green light-dominated environment, the assumption of a constant value for the mean specific absorption coefficient may b e justified under certain circumstances or as a first approximation, but that value is not the popular 0.016 m2 (mg chl a)-' (Bannister 1974) previously applied in many studies. The influences of narrowing of the under-ice irradiance spectrum to a green-dominated state and the alterations in in vivo absorption spectra of ice algae observed in this study lead us to conclude that for sea ice microalgae and phytoplankton under sea ice colonized by ice microalgae, a value of 0.008 to 0.01 m2 (mg chl a)-' is more appropriate.
